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Abstract 
High rate performance along with high specific energy is the foremost criteria for advanced lithium-ion batteries. To improve the 
high rate capability and cyclic performance of LiFePO4, continuous carbon coating technique was adopted. The carbon coated 
submicron-LiFePO4 (C-LiFePO4), composite was successfully prepared via. a solution based method followed by carbonization 
process. C-LiFePO4 composite exhibits excellent electrochemical properties, including superior high rate cyclic performance and 
cyclic stability at relatively high charge-discharge current rate at 20qC. In-situ continuous carbon coating exercises a significant 
impact on the electronic conduction and the unique composite demonstrates excellent electrochemical performance with 
reversible capacity of 148 mAh g-1 and 114 mAh g-1 at 1C and 10C current rate respectively.  
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1. Introduction 
LiFePO4 based lithium-ion battery is one of the most advanced technology in recent times for electric vehicles, 
plug-in hybrid vehicles and other high-rate applications such as renewable energy storage and power tools [1-3]. 
This is possible due to the many unique features of this compound which include reasonable high capacity (~ 170 
mAh g-1), two phase electrochemical process which evolves with a flat plateau at 3.5 V vs. Li/Li+, attractive cost as 
compared to LiCoO2 and most significantly, safer than other cathode materials in high charge-discharge situations 
[4]. Despite these unique features, it suffers from poor electrical conductivity (σ = 10 -9/10-10 Scm-1) [5], ionic 
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conductivity (10-10 to 10-9 Scm-1) [5-6] and ionic diffusivity (10-17 to 10-12 cm2s-1) [7] thereby resulting in poor 
electrochemical performance. In order to enhance the electronic conductivity, several groups have oriented their 
research in the same area. In the literature, two types of approaches have been reported to address the specific 
problems. First, is the reduction of particle size [5, 8, 9] which consequently reduces the lithium-ion diffusion path 
length and second is the preparation of composites with continuous conductive coating, such as carbon [10], 
graphene [11], metal doping [12], metal oxide coating [13] and surface modifications by nano-sized metals like Cu 
[14-15] and Ag [15].  In recent research, nano-LiFePO4 particles have been used to exhibit ultrafast battery 
performance [8]. However, the practical battery performance with LiFePO4 nano-particles remains challenging and 
divisive due to poor understanding of lithium intercalation mechanism at high rates. Highly anisotropic transport of 
Li-ions [16-17], size-dependent diffusivity [18] and its strong affinity to separate into Li-rich and Li-poor phases at 
nanoscale hinders their electrochemical performance at high rates [19-21]. It has also been observed that there is a 
variation in the reported values of the diffusivity and exchange current density for nano-sized LiFePO4 material by 
few orders of magnitude [18, 22-26]; illustrates the fundamental ambiguity in the reaction kinetics of nano-particles 
which regulate battery performance. However, we could easily avoid such fundamental issues of nano-sized 
LiFePO4 particles by using relatively larger size (~ 200 nm) particles. For example, C. Delacourt et al. have shown 
that carbon free LiFePO4 having particle size around 140 nm can deliver capacity of 147 mAhg-1 at 5 C-rate [27]. 
Similarly, Y. Ding et al. have also shown capacity 120 mAh g-1 at 5 C-rate with LiFePO4 / graphene composites with 
100 nm average particle size [28]. In this respect, few different material preparation methods have been reported in 
the literature along with improved electrochemical activity [29-31]. Based on the recent literature, it is believed that 
the electrochemical performance of LiFePO4 electrode can be improved by constructing the facile pathway for 
electron transport and ion diffusion through the active materials [5, 32, 33].   
Continuous carbon coating to the larger pristine LiFePO4 particle technique has been selected for the current 
study. Along with the previous approaches of making LiFePO4 composites [31, 34-35], we have created a 
continuous layer of carbon on the surface of submicrometer sized LiFePO4 which shows excellent electrochemical 
performance at high rates. The C-LiFePO4 composite was prepared by simple co-precipitation technique. The sub-
micrometer sized LiFePO4 composite with continuous carbon coating overcomes the poor electronic conductivity, 
Lithium-ion diffusion limitation and provides excellent electrochemical performance at high rates. The observed 
high rate electrochemical performance of continuous carbon layer on sub-micrometer sized LiFePO4 particles is a 
unique feature of this report. 
2.  Experimental Section 
Carbon coated submicron sized LiFePO4 (C-LiFePO4) samples were prepared by co-precipitation technique 
followed by sucrose assisted carbonization. At first, separate aqueous solution of Li(OH) (99%, SRL, India), 
FeSO4.7H2O (98 %, Fisher Sc., India) and (NH4)2HPO4 (99 %, Merck, India) were prepared in  the molar ratio of 
3:1:1 (Li:Fe:P). Later on, Li(OH) solution was added drop wise in the (NH4)2HPO4 solution under vigorous stirring, 
thus forming Li3PO4. Further, FeSO4.7H2O solution was added drop wise in the above solution to form green color 
precipitate. The precipitate was washed several times using de-ionized water and then dried at 60qC. Then the dried 
sample was mixed with solid sucrose (Merck, India) and ball-milled for 10 hours at 250 rpm. The ball-milled sample 
was then annealed at 600qC in 5% H2 + 95% N2 atmosphere for 6 hours and the color of the sample changed to black 
due to formation of carbon.  
The phase analysis was carried out by Philips X’pert X-ray diffractometer with a Cu-KD radiation. The 
microstructure and morphology of sample were determined by field emission gun scanning electron microscope 
(FEG-SEM, JSM-7600F) and high resolution field emission transmission electron microscope (HR-TEM, Jeol-
2100F). Carbon content was quantified by Carbon Hydrogen Nitrogen analysis (CHN, Flash EA 1112 series, 
Thermo Finnigan). 
Electrochemical performance of the material was carried out on Swagelok type cell. The complete cell comprises 
of a cathode (C-LiFePO4), glass microfiber filter (Whatman, 47 mm ø) as a separator soaked in electrolyte (LP-30, 
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Merck, Germany) and lithium foil as counter electrode respectively. The electrode material (75 wt%) was hand 
grinded with of 20% of carbon black (Super C-65, Timcal) and 5% of PVDF (Sigma Aldrich) for half an hour. The 
slurry of mixed powder was prepared by adding NMP (Qualigens, India) as solvent. Slurry was then cast on 
aluminum foil with the help of doctor blade. After casting, the electrode foil was dried in vacuum oven for 12 hours 
at 60RC. The electrode film was then cut in the form of circular disk of different diameters like 10 mm and 12 mm, 
respectively. The electrochemical charge-discharge was performed in Bio-logic VMP-3 and Arbin BT2000 with 
various current rates at 20±2 qC. 
3. Results and Discussion  
Fig. 1a shows, X-ray diffraction (XRD) pattern of the C-LiFePO4 which illustrates well defined crystallites and 
phase pure LiFePO4 compound. All the diffraction peaks of C-LiFePO4 sample were indexed with an orthorhombic 
structure (Pnma), confirming to the JCPDS Card No. 83-2092. The broader background around 20-30 (2T value) in 
XRD, suggests the presence of amorphous carbon of C-LiFePO4 composite sample. Lattice parameters for the C-
LiFePO4 were measured to be a=10.30Ǻ, b=6.05Ǻ, c=4.67Ǻ, with unit cell volume of 291.34 Å3 which is close to 
reported value in JCPDS Card No. 83-2092. The amount of carbon in the composite was quantified by CHN analysis 
and amount found to be ~8.1 %.  
 
Fig.1. a) XRD pattern of C-LiFePO4 composite, and b) Schematic of continuous carbon seeds on the surface of LiFePO4 particles. 
Schematic illustration of submicron sized C-LiFePO4 composite is shown in fig. 1b, which describes the concept 
of well connected carbon seeds spread on the surface of submicron-sized LiFePO4, which helps in fast diffusion of 
the lithium-ions and electrons to enhance the electrochemical performance. The surface morphology and crystal 
arrangement of the C-LiFePO4 composite powder was investigated by FEG-SEM and HR-TEM. Fig. 2a shows the 
FEG-SEM image of C-LiFePO4, the image illustrates the formation of carbon seeds on the surface of LiFePO4 
particle which is well distributed and connected with in the LiFePO4 particles which are also confirmed by HR-TEM 
analysis, shown in fig. 2b. As shown in fig. 2b, the carbon particles are well connected with each of the LiFePO4 
particles (black dotted line) and can provide better electronic bridge between active materials. From Fig. 2a and 2b, 
it is evident that the particle size of LiFePO4 in the order of ~ 150-250 nm with occasional existence of ~ 100 nm 
size particles. Fig. 2c and 2d shows lattice patterning and selected area electron diffraction (SAED) of C-LiFePO4 
particle; which shows pure crystalline phase of LiFePO4. The typical lattice fringes width of the order of 3.4 Ǻ and 
3.9 Ǻ are observed, which are consistent with the (201) and (210) planes of orthorhombic phase (space group: 
Pnma) of LiFePO4.    
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Fig. 2. (a) FEG-SEM of C-LiFePO4, (b) HR-TEM micrograph of C-LiFePO4, (c) SAED pattern of C-LiFePO4 and (d) Lattice fringes of C-
LiFePO4 particle. 
 
Fig. 3. (a) First cycle of Charge-Discharge characteristics of C-LiFePO4 at various rates and (b) Discharge capacity vs. cycle number at various 
rates at 20°C. 
722   S. Sarkar and S. Mitra /  Energy Procedia  54 ( 2014 )  718 – 724 
Galvanostatic charge-discharge test for C-LiFePO4 composite vs. Li/Li+ was performed between 2.0 V-4.0 V vs. 
Li/Li+ at various C-rates at 20RC. First charge/discharge of C-LiFePO4 is shown in fig. 3a. As seen in the fig. 3a, C-
LiFePO4 redox couple shows plateau at ~3.44 V/3.3 V at 1 C and 2 C rates for intercalation/deintercalation process 
respectively. However, large polarization behaviour was observed at high current charge-discharge process (like 2 C 
to 10 C rate) which could be ascribed to the increase in ohmic drop due to electrolyte degradation and increase in 
charge transfer resistance, same as earlier reports [11, 36]. It is noteworthy that discharge profile of C-LiFePO4 
particles has shown larger plateau region and steep fall whereas in the case of nano-sized particles discharge profile 
showed short plateau with larger slope region (below 3V) as per earlier literature [37]. This trend is considered as 
capacitive (pseudo-capacitive effect) behaviour at the reaction interface [38] which has been reported for nano 
materials having high surface area [39-41]. So, it is beneficial to have submicron sized LiFePO4 particles which 
contribute maximum capacity from the plateaus region as compared to the nano sized LiFePO4. Further, in this case 
plateau region in the discharge profile of C-LiFePO4 particles contributes 86.5 % of the total capacity at 1C-rate; 
which is quite satisfactory for high rate battery applications.  The first discharge capacity of C-LiFePO4 at different 
current rates are found to be 148 mAhg-1, 142 mAhg-1, 136 mAhg-1 and 114 mAhg-1 at 1C, 2C, 5C and 10 C-rate 
respectively as illustrated in fig. 3a which is compatible with recent results by Y. Wang et al. [30] using similar 
process. The excellent electrochemical performance is attributed to the formation of well distributed carbon particle 
around LiFePO4 making very well electronic interconnects as shown in fig. 2a and 2b. The discharge capacity of C-
LiFePO4 vs. cycle number is shown in the fig. 3b for various C-rates. The capacity retention of C-LiFePO4 is 
excellent throughout 50 cycles. The incredible improvement in rate capability and excellent cyclibility can be 
attributed to the favourable lithium-ion transport and three-dimensional electron transport. Above results indicate 
that the continuous carbon networks provide fast electronic transport during high rate charge-discharge processes, 
which is beneficial for C-LiFePO4composite to exhibit excellent electrochemical performance at high current rates. 
  
Fig. 4. Nyquist plot of C-LiFePO4 at various (a) charge and (b) discharge process. 
 
Fig. 5. Equivalent circuit model for Li/Electrolyte/C-LiFePO4 half-cell. 
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To understand electrode kinetics of C-LiFePO4, electrochemical impedance spectroscopy (EIS) experiments 
during 1st charge-discharge cycle was performed (fig. 4a and fig.4b). Lithium insertion reaction can be broadly 
classified as 1) electron transfer from current collector to active materials, 2) lithium-ion diffusion in solid-state 
matrix, 3) charge transfer from solid matrix to electrolyte solution and 4) lithium-ion diffusion in ionic media 
(electrolyte) with bulk lithium diffusivity [42]. The corresponding equivalent circuit for the two parallel RC circuit 
is represented in fig. 5, where Re, Rs indicates the solution resistance, and resistance of lithium-ion migration 
process, respectively, whereas CPE 1 and CPE 2 represents as capacitance of the surface-passivating layer and 
double-layer capacitance, respectively. Similarly, Rct was designate as charge transfer resistance and ZW represents 
Warburg impedance. The excellent correlation between the experimental EIS experimental data and simulated 
curves indicates the accuracy of the model within the experimental error limits. It is quite distinct from the fig. 4 that 
the charge transfer resistances of C-LiFePO4 decrease with decrease in the lithium content during charge process 
whereas reverse phenomenon is observed during discharge process, similar observation is established in LiV3O8 
cathode [42, 43]. Therefore we can conclude that the material is transforming from an insulator to conductor when x 
decreases (charge process), while reverse is expected as observed form discharge process.  
4.  Conclusion 
In this report, we have introduced a simple solution based technique to prepare submicron sized C-LiFePO4 
composite followed by sucrose assisted carbonization process. Submicron sized particles compared to nano-sized 
particles can alleviate extra surface reactions below 3 V region in the discharge profile so that the maximum capacity 
can be extracted from the plateau region. In this case, the side reactions below 3 V were minimal even at high rates 
of discharge process due to submicron sized LiFePO4 particles. The high rate performance is attributed to the 
concept of having continuous carbon coating throughout the submicron sized LiFePO4 particles. The C-LiFePO4 
electrode exhibited good discharge capacity of about 148 mAh g-1, 142 mAh g-1, 136 mAh g-1, and 114 mAh g-1 at C, 
2C, 5C and 10 C-rates respectively. The discharge capacity reported here at high rates is excellent and need 
attention. The capacity retention of C-LiFePO4 composite was outstanding throughout 50 cycles at 20qC at various 
C-rates.  
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